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,. The problem of'deciding when to:apply guidance correctioris "tothe ':: ..

perturbed trajectory of a spacecraft is treated from the dynamic, pro-
gramming.point of view, It is assumedNat the objective of "theguid- ,

ance correction poIicy is to minimize the expected value of the squared" .
error al)the final time, subject to _e constraint that the total correetien

capability expendedbe less than.some speeiRed value. It is show_ that _ ' -, ,.
a correction should be performed when a certain "switchkng'function, " ":

15assesthrougl_ zero. Asstmling that the erbit. determination procedure ,,,'r . ,

has beer/prespectfied, and that the statistics of the Correct/on. errors ._

" ' are-knoWn, the switching func_'i.onis found to depeod upon the in-

,, stantaileous state of the system, which is composed0f (1) the estimate ,
of the trajectory perturbation to be corrected, '('2) the variance of the ,:

the. eorrection capability of the space-e_Torin this estimate, _,nd-(3) "" " "

craft. Equations _or computing the.switching, function are derived,

and a numerical example is presented: /_ L)"/" ,_!'_a '

_ u

"' ;F t} ' _, ,

" I iNTRODUCTION ' ''"

A spacecrdt t_,_versing a/coast trajectory-toward some. to the orbit, and_the: determination Of what fraotion .of .
lrget region in-_pace is guided'to its tlnal destination :the predicted target error:is t9 be nallexl bi?¢aeh'._._ _

._(applying one oz more,small vdoc.jty impulse ,coffee-. '.tion, is te_rmed_the guidance _o1_; It i'__xl!epurpo_, of
O_,s(maneuvers) at certain'b2mgs along the path so as to this report ,to dev'elop a gui&mce tm_6y that wltl et[¢c-

ull'the predicted target error..'Hae prediction (estimat6) tively m. ilmi_e the probahili_ of impacting'the, ta_g_ .'.
• the iarget error is adaie)ed by an 'orbit d_terminaUori region, subject to the eonslx_a_ that-fl_ total _ .....;.
ro_ss; the required, corrections are ¢omputed.,"hsing expended in ped0rming the 6_¢¢tions, h l,_ss_ s__ ,i"?
near perturbation theory, and the impulse is,delivered prespceit]ed _om_t, _;.. ... '" • ..' ._(: ...

)ai_erdt-for,a r_ht'ively'shortpeckid o_time. The _- _g ...... "'"' '<.....
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._ectly, a_d if ther_ is _adequate-correction capabi]i_ ' rection at any given time. It becomes necessary,, in gen-
._rbpe]]ant). Othev_f_e .the po|i_" i_ not really cpn- era], to consider both the precent and future uncertainty
artiete_l, There are :factors thaft&nd to cause a maneuver in' the knowledge of the orbit and the errors, in, the "

be made early,, si:::h as the smaller mnount of eorrcc-, measuremen( devices being :.used tOdetermine the orbit,
ion capabilRy rcquired_to null a_given t_a'get error; _d The target error Criterion and desired accuracy must be-
_ _e __ctors _that-tend to cause it to be ,made late, defined, as well as the bound on the total velocity cor-

meh, as the neg_ to process more data to=_ei a'better reetion,that can be: applied. This important inquiry has

_t_T_te _ the orbit. The random errors _ising in the recently received considerable attention by treating ` it .
_e6ation of the .correetioximust be considered, si_e they . as 'm :optin_zat_on pr_:Jblemand has been_attacked f_om
_ffe6t the uncertainty in the knowledge of the _orbit se,.,eral differe_,t 9oi_.ats of view by Battin, Breakwell,
_ro,meters. The probiem,-then,,js:to,_evetop a guidance S_iebel, and Lawden (Ref. 3 through 6_ respectively).

xdiey that will allot _dae:gi_;en"correction capability in The analysls presented ,here approaches the problem from li
:_ch. a way as to eau_ s._._ penalty function to be the dynamic programming point of view (Ref. 7), defining
_finimizbxt, 'taidng into aeecaant the Ug_certainty arising an optimal policy' as one whieh_minimizes the mean
?tomorbit determmati0n and execution errors, squared target _.n'or, subj_t 'to constraints on the total

'- ---_ _c:..... ' _ - correction capability that can be allotted. This schem_

"_The _vory_?_.oncerning the Singie-lmpulse Correction is considers the th-ne-varying es_;mate of they/trajectory
_vetlknown (Ref, 1) andwas implemented in the success- perturbation to be corrected and the variance of the

MatSner II fly-by mi_'s_onto the phnet Ventls (Ref, 2). err& '_inthis estimate, leading to a guidance poliey that

.h''tl_: ease, a 'suitable _ngle maneuvei time is ehoseh is traiectory dependent. .:

Tom preflight studies of orbit determination and execu .... .
_(m errog statistics, and.the correction capability to be The n0mendaeare used is as follows: A bold face
_ardedal_oard. ,the ppaceeraft is determined by mapping letter represents a column vector; an asterisk indicates
•_e covariance matrix of injection guidance errors to the. an: estimated _.,quantity; the symbol E [-,] indicates the "

_leL'g_edmaneuver P0int_t0 obta!nthec_variance matr:x', 'stat_stica_ expectation (average value)over all similar
3f veIocRy-to-be-gaine d components, The situation be- experiments of the q_.iantity in brackets;" matrices are'
:nines much more complex when more t]mn one maneu- denoted by capital letters; and the superscript T indicates
:,er is considered, for thenthe future guidance and .a matrix or vector transpose, The word uncertainfu will

z_cking, policy' must be considered in performing a cot- be, used synonymously with the word variance,.
v

ff , . /,

\

_/' ',II, SOnY -,,
, !S,. . .

_,_:_t__o_pmlamisa_, _ _ingttmt thatthe orbitdetermi__ionpol_ i, prespeciaed,i.e.,,_ o_velo_Im_,_ o0¢¢_ areto beapplied the_ o_ob_erv_da__obe _ather_throu_t the

.,_t.]_ _o_.Imtx_a_ • m_ l)l_,,_.'n_e ,,tiom,areknownh.oml_-e_t _,t_es_ _ notde_
derby. _.,_Oa_ clarion _indguid_,,uponthe _ policy._;e"staamcsd _ errors
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The penalty function p to be. 'minimized fS defined _ . of the estimat_,_t error, or no coffee'don ' at atl.iFrom this "
the sum of ti_e orbit determination, ,unee_.ty imme- conclusion ti_,_optimal guidance policy iS irnp_neated
diately .after the final _rrection (at the prespedaM final as follows: " "' :: _
time ty) plus the square of the uncorreetable error d_e to / . '
depleting the c0rrecti,on capability at tl, i.e., 1. The expected value of _ is calculated at/_, assuming

' . .... a total c_r_eetion at _ and tl; i e, .... ' ""

k_ t

• V'/ -- t/'_-/Ji ''-' L/°l_'_/J i ' _ L' _z_'lJ{ " V.;

where fll is the final Orbit d_,termination variance, ,and r 2. The quantity F [O'_(_)]_i_ cailculate_ ._'/_, whicl_ is
is the est/mate o_ the t_rget error immediately'after ' the the expected value of p, as.,aming no _¢orr.(_dons
t_rrection at t_. The ease 'r =/_0 oecgars'when there, is not ' _exeept at the final time t_., , ,

sufflcientcorrectign- c_pabi!ity at ty,"anda.full'eorrection '3, If E [p(x)], _ E [Po(x)], _:0 make nocorrection"
_f the estimatederror cannot be made. It is shown that at t_; go on to the next decision-time t_+t,.
minimizing the penalty function io can be interpreted as ' ' ' ','_
being equivalent to. raaxirriizing the probability of im-: 4. If file. above inequality do_s not hold, the quantity

p0_cting the target planet. E [pi+a(x)] _/s caleuhted at t_, which is the expected '
' _ . _ _ " r "i +_ value of p, assuming a total correction at t_'f+,amlt_, _

A sequence'of "deeisiontimes" t_ are'defined along:the . but none at t_. This eomputatlb_n is .made possible at

trajecto_, where the pdssibility of performir, g 'a corree- t_ by recognizing that. the eXpeet_---ivalue"o_ the ',
[ion is to be examined, At each time t_ < :t_the expected _ estimate ,of the target error m* at ti+t is the currellt

value of+p, as a function of the instantaneous state of the _ - estimate, i.e. ' ,_,_ ,, ., -__- '- _-.

.ystem, is substituted for p in the optimization problem. E [_n_*+_],= m_ .."_/ ,- .,(3,_,The state of-the system x at any time t_ is considered to " _" - "
,e composedof , " _ ., - : 5. T-lie switching function defined b_!,. ":' •

1._he minimumvarianceestimateof the ,,neorrecte_ s,= _ [i,(_)], E [p,-(x)], ' }i_),
target error m_, whichis Obtained.fromtheorbit isformed.Ifs, is-_Sitivenoa_on_staken;t_it is
•determinationprocess by consideringall data,(in- negative or zeroa fullcorrection ,!s.applied at _t.

cluding aaea priori/_stimate),gatheroi•. :,prior to t,. 6. Whenthe nextdecision-tlmeis readh_l _eproeess
2,Thevarianceoftheerrorinthisestimate. '::,, isreinitiated,thistimewith a new:est_ate o__e

error m_o,,based,upon the aetio_ taken at _.,aM'
3. The" amount of velocity correction capability that he tracking data reeeived during the _tea eai.-

_ :r can be allotteddu/2ing the,remainder of the mission. : . .
' _- The 'case'ofinsufficienteo,reeti(meapab_Ryto a_ _::

.'he.optimizatim_ problem.is formulated from the dy_ _ p]ish the mission and theease of a ilmitea uamber of,

_amie programming point of view , and it is shown 'that corrections are discussed. Nmnerieal restdts ai_ _,.
at each time' t_ there should be either a totalS'correction sented,'l:i_eextensi0xa.to themore generalea_isdistUssed '

,- ,- •r ,
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_ t11.DESCRIPTIONOF THE IDEALIZED GUtDANCE PROBLEM ,
• ,, / "

A = '

The essential ideas of thi_ _port are :developed bY The variance of the comNned estimate .is '-
c_nsidering, the idealized one-dimensional problem de- ,, "

scribedbel6w, ln' part VIIi the extension of theproblem , _,.v.=, fa;,_ -FV/q-, _'["-a!_ ,]
'to-the more general ease is-di_ussed: ' - - m_, 4-_%] (7)'

At time to the m_*and a_ _e the a }_'iori valued. ':,
,' owe-dhnenmonal problem is constructed by imag-

ining that the spacecraft is moving iu a zero-gravity field If a co_xeetion_q made. at h there will be further un-
at k _ S_ V _' 4 1• to_ar,d a massl s target, and t_e,.,_time-" certainty-added to the knowledge of the target 'el_o__.
to-go to. closest approach is Known. A series of velocity ' because of the random executi6n ..errors tltat arise in

""mapu]se corrections _pei'pendicular to the dh'ection; of accomplish.ing the correction, Thus, .
.... _ _O_ can he a_iplished at' any Or all of_the pre-

_,,dae_iontime.,(to, t,v.t 3, Where tois the time /3, =a,+ E[a 2] (d,m*) _ + E[b:] _-_, (8) "

of beginning, the pr0b/em and tt is the final _time. The .. where _ . , i:
0bieetive of.,th/__,_idanee system is to impact the center _" ,_, :

-Of the pla=_kl_¢ely:as possible, i.e., to minimize J.e fl._is the target en'or v_iance im_a_.diate]x,after the cot-
• Sqw_.,_'Z;::_,?. \_,_. : _%,i;0r.,.,(Fig"l)" Ira coixection is made" at rection at t_. ""....% _.,

.__-. -_-_, .. ,:: " _ . ,.. . . E[aZ] is the variance of the proportional_ pe of exe-
_'>.___, ,.' . _ - t_ t ' ,-, eution en_r _bXiiressedas a decimal fractiom!-. •

"_:_h x- .'-..,,---,_,.. " ' _ ' E[b:l is the variance"of•the nonproportio,l_l t_,e..of
<_.)'_*is :thd_,estimate of the target error at. tl, obtaineo v_.loeit-yexecution error (expressed in m_/sec:). -....

from the orbit determination process ....
%, " The assumption will be made that the execution error ,

"r; is the thn_to.go _ closest approach at tt thus ri = causes a traz_sverse position d;Tplacement without affeet-
t_o,_.i _o,_ :-- t_t [ "r¢'ing the uncertain b, in the direction of the velocRy vector,

d_ is the decision Variable, whidr determine_ the fraction thereby simplifying the subsequent orbit determinatior. :'

of the estimate" to be nuUed at ti-(0 _<di _< 1), proc'ess. If a,.correction is made at-t_ the quantity _ is

Between aay two di_eision times (t_,"t_) the mini_'num substituted for a_ in Eq: _(6) and (7). If no further cor-rections are made until the final time 'h; then the un-
variance estintate of the target error am_ is obtained.... , .... certainty at t_, resulting from a correction at ti, and the
from the orbit determination process in that_iate_'val. The Orbit determination betweefi t_ and h will 'be " ,
variance of the error in that estimate is %, If m_ was the ,.,

pre_,iouslyebtainedmirfimmavarianceestimateat,,, [1 i :']•withvariance_,a. the_combinedestimateatt_.is •' m = _ .+ ll-t_,J _B':_"h (9)
=*-, '--D;'-+ _;']I r_-_m*+ am*] (m- .. L _ _ r__ , where

.... . (10)

The variance of the estimate at t; (as distinguished from" o

''' ....Oe$[a_'t oaTg,_ _, the error in the estimate) predicted at ti, is (Rdf. 8)._ .
co_mWr_ / .\ ', .....
" -N. ,ed_TUAL'_R,dEGTOR_' .- '. _ ' ' ', ', "i' ' "F'._.p_LI...."................... ,- = (],z),,,., . '-:_T.,-,T "---. "ST_ • _' = z [""r] ._, "

, " ' ,,'_7 ESTI"AT_D T_'EGTQRY 'L I"1' -' - L.lP,+ ....
"_-"--|---" _ .............. -,1[!- - -- - _'_

"" -,- _r_ _-" "_ _" rA_T ,, The above equat|,-/t_ .at6: employed to' detem_ha_:_,the

,-- -, , , -,--, --- , , , --- --_)PLANET :_l!dance policy, at each time t;_ which consists of select:,, '_:,
tn_ the value of d_,Thus,,for a'gtven orbit determination '_
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ji.edra('t._;ffIOil_',Wt,h_tt_ p_ _ie4"M_'_,dueofm* is- wheretherest,dualfun_t.iQn:"is(Fig,.4)
vo_m"all---- _- '-_atm'e.,,times_.:::andno Jb_r_er-_---_,rections,are -- r #_ ¢ , '

_eet._.m_R-ti. _.'hecorrecti'on:eagabflity ret,_mmg .to :' ' " ' J,_if(z):(z_-x)z

,. ..... , ,. , , ;,_ ,. ,_.- . - ana m is defined_by Eq.. It 'will be shown in part VI

. "W ' ' " %" _" e_'P_, '' r J" / mi _ , .. that it is indeed co._r,'_:¢oassume that a total correction

./. " i= ";'_(tl),'_5_:'_(t0:i';'_- 71-_,_\"*-/}; ' ' "(1,,'.9)" -sh0uld,._,, be made wheneverthereforeaco_eetion is called for, and,_. - ,.' . mat;_. [p(x)]_ .ca,, be evaluated from-Eq. _-£.' -Z ,: t " - ', t q ,
- 2', .," .....

y _ftmate:,mt :, c__:._._ be nul!ed at t_,resulting in?.. .: .. .,
m*),.;t•as,shown,, m Flg.,B,_...Thu_,.., the,e...xped:edvalue of.r_, : ;:o. ..... _ r
dustedatt_,.,_s_ '2. " . ..,, '' -,': . ,.

. " a 4 :J_ r" " ,

_": .7' ':, ' . ,

), ;+,,,r,,E r.q + "

,;:-, ¢_ ' _'_ ' /I , , . "

;' ': ,_..,'_ _,. ,,. 0 7.5 - .

; ' it..qPr : I, "- "'".'- q •

-.,C_¢# ' ,'t "" -;(, ' " ' y'/ '

:- '-' .+'¢,r, ,_;
_t

, - 7,v ..

" 'J 0 I

:, , <,., ,,_ /:_ _!,_ ,,

i:iltf,$:_Ther,,i_ual _t_r *L.._e,flnal}ira, _:¢. 4. r, stdual function "

.' q

;' , ,,:y,:':,.,',s-,,-'",. "1', U',' .' ' '""'- '"'"',"'
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V. THE DYNAMIC PROGNG FOR/LAllON

iir

The guida_e policy',_which minimizes the' penalty If 'the trajectory is divided into a _equence of dec:Mon
functJ n discussed in the previous part_ can be formulated times . ' ':''_',t

by invoking)the prix_dple of optimality of dynamic pro- (to, t_,-.., t,-..,-tl).
gramm_r,g_.._ief. 7), which stat_-: An op_irna! policy h:.; ,_ ,' ,..

a 1 , . .t . A i _ I_ ¢'1

zru_property tnar wha_evOi" ti_ I _mtiai stateand f.,.,ttal where the option of zmking a correction.i: available,
decision is, the remaining dec_sqons 'muo_tco_.!tute an then 2 _-:. ., . .

optirftal policy with regard'to the state re.rultingf_omlth_ -- _- ...._;;_ k__ _ minimum E[_(E[X, (24)"first.decMon... E Lptx)jt ="-:-_._,d_ < 1 .-

This Vrinciple is applied:here by imagining a set of ' %`
_ables at each time t_ which presents the minimu m where E.[x,+_]isc°mP_dfr°m

expected value of'fihe penalty function p and the. asso; "m* _'% d_] .m_* :
ciated decision variable d as a function of the state: .. E [ i., ]=, _,_ . . (._)
variables of. the systeaa!, which are the predicted target . , . ,_

-error m*, the standard deviation of the. error in this esti- (' : " [[._."_L._if d_ > 0
mal,_ _, and the correction-capability c. These tables " ..... :.. ,l':'a' " r _ _ k#' _' !_ '' '

would be constructed by working backwards from the .... . - [_-
final time, at each t_ ¢,omidering all conceivable com-

binations of state-vari_bleso At each t___the decision and ..... , : '. _t\ai a- _¢._)\. 2). -- ..

penalty are 'arrived at by finding the decision that will ' ' ' ' . .' -' d_._ (27)transfer the _,_te to the st_.bsequent decision time h in' ' E(c,_) =_¢_.r = c,_.- ' -
such a wa_) as _" ol::_._n mininmm penalty, which is-- ,' r_ '_i

evaluated by "atcrpe!ating _he state-varlables in the prer: , where ai, #_, and "_-are deigned in part l_!I. At the final
viously computed-table .at;,,..&"The r_athematical formu-, time _,_. ' , .1...... ,;_.
lati6n is as follows: Let _.: ,, <._,

{["d, = the decisiop at _,.i.e., the frac"on of the _ti- E [p(x)]/_.. = 0 <-":2/£Iminimum _ + (m_)-],*_ t\(.

mated mis_ to be corrected (0 <d < 1) '_" " "i, [# i' }
• - -,. . ;,+ (i - (28)

x_ = the state of the system at time t_,'t.e.,. _tl'_] 4 '" . ii -

,, ' ..... "/,c-i,rocess of generating the tabular funct'lon E [p(x)] _ .
_'X = [ m_' _,,.e].t,. .,- " II could present a difficult computationS, problem, but it

E [x,_] = the expe).'ted value _of the state x,._ wbicl_ ,_ill tx_ shown below-that d_ can. be det_.rmined quite
follows from making the decision d, at. the time tii, simply by. considering' only. the instanta.lcous S_ate of'

the system. , " ,i
starting in state x, _!i" ' ]i

E [p(x)]] = the expected value of the penaltty functic,n, =It is assumed ,thai: there,is'sufll.eienteor,eetk,a _.apabili_at it, to'

. starting in state x at t, and employing an optimal. .performa total correction,i.e,,d, = l-t; a legi_t¢ c_se.Wherefl_is,isnottrt_ei__M in partVII. :',policy to'the final lime t_. .' ": . :,
-_:. ;' ,, -:_

H ,
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- VL DETERM!NA¥1ONOF THE OPTIMAL POLICy
• -.r" :

In this'part it"_ilt be shown that the optimal policy and sign h =::( - ). Thus, if a correction is"made _ _ the

.can be determined at :any _ime t_ 1Lva rehtive!y simple optimal'_ alue of d, is the maxim;ira, i,e., d_ = 1.
. ! Y

_mputatiOn if it is assumed that the effect0af the pro- ,_
I_,'fiona! _pe of execution er_'ors is sufllcien_ly small. Theo_dm 2. Tbo eptlmal mr)ltip!e-correcti9n policy
The result will be p- sented i_ the form of flaree the0- is the optimal two-correction policy if "_he effect, of the
reins,, leading to ¼he,construction of the optima:... )uid- proportional type of execution error is suttqciently small.
ante- policy disctissed in the summary, i

" ,;" PrOof. S_pposh that for some x (t_) the optimal
De_nition ], 'A t_,tat c6_:ec_.._n pol_Icy assumes that multiple-correction .o01icy determined at fi dictates a

at earta declsiox_time i_ either no correction (d_ =_0) or a,: con ectio_ at ,_,.k,t_._..j,ap.d ti. From theorem 2 it _-_ ....

total eo'rrecCion'(d_' t) is to be accomplish__.d. , that there mr;st be.a total correction at time t_+_+jand; by
; : _ .aimilai- reasoning_ the _ame conclusion, i_ppties to. time

D_'_ 2. A tWo-correction, policy assumes (at each ¢,,_, But the expected value of the estimate at t._._,_would
dee_ion-ttme h) that at most two corrections can be then be zero-:.which implies no correction at that 't_e,

n_de- G_e at the £mal decision time t_,and another at x"l_.L_contradiction immediately extends to the n-c0,w,eeH0n
some time t i < tI. case, Which estab!ishes the theorem.

_'_ Theore_ 1. The'optimal two-e0rrecti_n policy is a;_.- Definition 3. rThe switehipg fimcfion is
tot t cor_eetio_ poI_cy ff Lhe/effect of the proportierial _". '

type of e;xetmtionerror is su_eiently small, s,(X)"='E'[p(x)]_-_ E [p_ .,(x)]_
1¢_

P_,_,_: If tt_e optimal two-.correction policy require_

a cor)ectiori at t_ _t tbllows _:om Definition 2 that. the: where E [_(x)]_ is :the expected value of p(x) evaluated'_
resultant pena}ty fuficf[on is similar to Eq. '_2._3us, at _, given tlaat' there is a total correction at _i, and

E [p(x)],/___Aq:/._,,_, h{_X _ E [p_.:(x)]_s the _expected value of p(x) evaluated at
. . _d, _, -_d,:) ._a_di) _g +E [aZ] q" _' :\_di] t,, gh'en that there:is a total cbrrecti0n at t_.._but none

' ' , , (29) at_,;_,o,_h"Thein-_*state_rxi_}_extrapolated from t_ to t_._, 'as :de-

where '_',, ,.
"_ Theorem 3, Sup1_se that at least one correction is

dg f_h = (_'_i). ,= 4 ,_ f (z) (z _- >,,)dz . (30) ,,t° be made betweer, ii and tt: Then the optimal multiple,
' • correction policy consists of setting d_ = 1 for s_ < 0,

Now, ff the_prop_rtional execution' error, is _fllc_entlv and setting d_ = 0fbr ,,_->0, '
sn_all :t follows that ' ,; _ "" .

,p

sig_ = Sign _*, h (-i , ¢,'orrection is to be perfomaed at.'t, or t,.,. or at Some later
,,:.', ' Oa(i', _, "' ' " ot_ \_.d_]_ time. A necessary condition to attaifi a' stationary value

_ .... _ ' ', _ (31) (maximum or minimum) of the e,;pected penalty by ap-

s_nce , ., plying a correction i_t t_ is _at s_ = 0. Since a m_nimum
' ...... _ :.. is sought, the_theorL_a follows ff there exists only One

" 'i _ Xl " ' m_' f. . ' ,, _minim,_m, point, which will' be. aasumed, This compt&es'
,_,_n (_---_)=,sign {_z_J(l - -_-i)} = (+) theore'_ 3 and esta!blishes the .optimal guidance 'policy

- (3g) dise_zed in the sumi_nary" ,

) V ' ') "
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_ VII. THEDEPLETION MODE OF "OPERATIoN '
," /

J! /t ,!

It is. assumed above that at each decision time 't_there The. Depletion Policy. The .optimal policy for the
is sut_c'ient propulsion capability to oerform a total cor- depletion mode of ot_efation is to correct as much of the
rection, and that an un]imited nuii_ber of corrections can' error as possible at ti when s_ < O, where '

,'be made during the rexnainder of the mission, Neither ' ^
" of' these assumptions is realistic; howew?.r, for it .is s, := [fl, + (r_)2] -[BL._' + (r;.,)2] ,

, possible to deplete the propellant reserves, and engineer- and ' " . ..-
'ing constraints may limit the totalnumber of corrections. ' . -

'; " ' _ - --"1_"C ri ) f?Z*_-:" t, i :.= , ---

" De_nition 4. The depletion mode of operation occurs , -- (m* c r_ if c ri < m* '

_.at t_ when = _ c = correction capabiIity at t_

n < 2 and/or c < m_ ' " m* = estimate of target error ath '

n B_ = uncertain ty_resulting from orbit
,where n is the total ntm!ber of corrections that can be determination and e×eeuUon errors,
performed at the deci.4ion tim_s (t_,ti_c"tf). --_, assuming a correction only at ti

3\, ',

Without further justification, the following intuitiyely The quantities r_,_ and Bi-_ a_'e similarly defined. Notice
obvious policy will be adopted: ., that n effectively becomes a new'.state-variable.

!r ,,

.,, ,,

"i

VIII. ,EXTENSION TO MULTIPLEDIMENSIONS

The analysis has, thus far, cbnsider_ only the. simple tablished, but it will be sla0wn that the:penalt'y function
ease Where One miss-compgnent need be dealt with, but, determined in this way ac*',;IJy_bounds the'true _esult,
in general, it is necessary to estimate aft random variables- _ _ .- "" ._.
that affect the observed 'data in order to ebtMn a mini- , If P_ is the cevariance matrb/describing, the error m ,',

mum variance' estimate of,the orbit parameters-(Ref. 9). ,the total estimate vector at t_,-and ff there are n_ eor_ec,,,.
Thus, ail position-'arid :,c!ocity components must be tlons in the interval (G t_), the covadance of tl_ error.

estimated, as well as unknown biases in the measuring--, ,h_the total estimate vector at t_._ is (ReL 8),
devices and errors in the physical toilstarers which de- -,, ,, . __= -_

scribe the mathematicalmodel, "" '" [ +.___1)]It _s also necessa_ to " P"_ P;I ._34)
consider more than one miss-eo_ponent in order to ec_m2 • , , ., .:,;_,., , , ' , ,"

,pute tb'- probability of impact_t/hg the itarget area. Thi s _,vhe're']tis the generalized inver_ (_._,_ matrix)i:_ t_
general case, can be _reated i_h the manner presented covaNanee matr_ de_xibt_g th6¢_ in e_u_ dd_;_,
above,°howeveL by_interpret!ng the variances associated observations iathered in the"inter,_,al '(tj, tin). if a e_. ,

' wi_h' the ide_alized pmblerrY,"as,beha_; tt,aees of eeaain rection is aceqmplishedat t_ the _xwariam.,e ma_'_ ]?i t_ ".
,.combinati6m of cov&,5_nee matrices;In."fl_, way a ear- " " _ ., . • " . .-'_ . ': ._
_'espoL'dingone-d_men_/oi_l problem _ comtructed. The- replaeed'w_th_ _ ._ ,.,,-.,,.. ,- :,_. .,.

lust_ation for-thi_ _pproaeh will"n0_ be rtg_tou_ e_. _ A_.,= I?_+ E[_v_., _,_]
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,her_'.E [av,_-v,_]._s:theeovariaaeeaddeaby_heran- -A corresponding, 9ne-dimensional problemhasbeen \\
_-mvel_it3., execution errors. Let m be the n-dimensional conshUcted by the above process, but its physical inter-, _
:rget error vector' that is _to be' ni_lled, and define,, the _ ' "pretat!on,_s not obvlous. It c,,t', be shown, however:, that

[-'- o 1

_}lowir_grelationship_ , if a sr_all.res,aual target error estimate r exl;ts at tl, and
'"_,, "' • ' if the=probability of att'dning"a one-dimensional target

?, m_' = Ira* ,error !ylthm some specified ,limits is computed oy assum-
• ! _] '(36) ing t3} is the actual variance of the associated one-

i. dim.ensional-pr,)babih'ty-density-funetion, then the value

= / / ; ' so obt:amed _salways less than or equal to the r_robabili_'
. ,. v; ,iLTv_'j m_i (3"7) o_ impacting the corresponding multi-dimens_Gnal region,,

• i (Fig. 5). If, following the discussion in/_art IV, the
- trace " optimizatiot, ',problem discussed in' this r_port is inter-
a, = -=,-o._po_.,o.[r,] i. (_) _ -.....' _s_ ' .,a...,._..,,,, ,°,,_°_e of,,, _,,uuauu_tv

' iml3aeting some given target region, i( follows that the
trace , ,i 'penalty function __ssociated with the' idealized problem

' _,_ = m components [A_] (39), will bound the value obtained for _he general case, which
-,_ ' it pretends to represent, The conclusion is that the re-, ;

, trace , r" _l-x_ t -_' sultant guidance policy will perform' at least as well when'0_= m components [ A_ + _ _._ _ (40) applied to the general ease as it does in ,the simplified
J--_ problem.

-, 9._ = B_ -' _"_ (41.) ,.
b

, _ z T _ONE SIGMA

'he quantity E [r"], can be determined for tl_e,general, I _ ERROR

ase by evaluating a multiple integral. If the variances of _- /. Et.L,PSE
_e individuM components of the estimate of the target ' " "

"r'orat_. t! are,all'eq_ial,.itfol. lows that _'_ . _.___.L-__.,,.____ _"

'here n _ 1, 2, .or 3. is the dimension of m, and k =

I 'g e With 'these rdatiomhips established, the anal- :, O,=_ [_; + "'_]
I

;is proceeds ja_in the one-dimensional ease, Fig:__.' ,Thefwo-dimen_ion_l tar_leterror ,_

i /

iSi "

, '_ IX.,APPLICATIONOF THEGUidANCEPOLICY
\

,' ,_ ,,- , - , , , : _._--- - , • ,

The gt_/idancepolieydevelopedabove w_s appliecto a, the final tnne ,*/ of ,approximately 15 hr before impact

arneri_l iexample'_in.order"to demonstrate its ,eff_ve_ might correspond to' the Splitting off of an entry capsule
"l'h;_mathemati_l,mode ! describing the systerfi W_ '_ from the spacecraft, _o. avoid a Monte-Carlo simulat_bn,

, ,_lvel_ in .part.=III, with _e paran_,eters dewing the , _a"k.sigrna"_¢ase was eOnstra&od by assuming that the
_'oblefi _hose_a"so'as to rea_nab]y tegresent a typieatl "" '..... " • " " "• estunated target error a}_each time ti wa_ /_ times ,'the
:_'r,_,oach'_,,,r- ,, _ , sittUt_n,, ,{Tab!e,1). For exampie.o,, . aandard,deviation of the_estimate (over the erectable a '_,

._m.m_o_a,_._..._:: ,2_._. :_.'_'_'7._,_**¢_t_*_ _a_, •_.'_,_*_-_t,J_¢_ ' _ '-:_&,;_#*._*,_£' .,_<, .' _,_w,_ _ e,,,_:,,..,_ri.,C_t._,r:._',_'." _,_,¢_w',' " _. "
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^. DISCUSSION_ __ ,,r
,,_

. 0 _

Anadaptive gnidance" correction policy has _een de. is the case when the eorreetiOnrSto be accompli)hed are
eloped which minimizes the _.expected value of the smail.it should-be noted that the restdt of fello_;!ing this
qo.a_,d target error, subject to the cgnst.raint that the optimal policy is not dfrectly available From the _inalysis,
_tal pmpellm:t expend._fure be less th_in some 'specified , anc_ must be obtained by a computer simulatior,_"_of the
r_oUnt. Tl_is criterion is a good one for the case where mission, w:ith Monte-Carlo selection of all random _,inputs
m mission terminates at the final time, for then the which affect _he trajecto_7 of the spacecraft. Thii_!is no
_ig_t' degree of accuracy _is usually desiredl and there real limitation, howev'er, i_ors'uch simulations aye tlsually
n_ particular advantage in finishing with propella1,A!eft performed in order _o check the guidance logic. .. ,-

_v_l'.rl'he scheme'is Well adapted for use ha the real-time
.]erational'situati0n. The 'a,_alysis ha_ been carried out "

,nly for the idealized case, but an extension to the general One of the prime advantages of the gaidance _o!!ff
a_ has been outlined. , :discussed,. in this repbrt !s that-it tends to require a mini-

' " mum number of corrections, usuaI1}- two. This is impor-
, The computational difllcuRies inherent ha the dynamic rant because ,each correction degrades the reliability of,
_r_remmmg formu,guu,_ o_ :he problem have been ehm- _the spacecraft, disturbing it from the normal cruise mode '
aa_ed,by_developing the optimM policy in terms of' the and subjecting it to pote.nt_a! faiMres in the subsystem
_stantaneous stale of the system. In order to accomplish which commends the correction. Further studies are '

ais simplflleation it_was assumed that the effect of the planned to continue the evaluation ,of this guidance , .
r0portion_l type of e_cecution error 'is negligible, which techniquel _,',_

.... (

i\ , ,,

p _
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